INTRODUCTION
============

Prostate cancer is one of the most prevalent cancers in men worldwide. High fat and red meat diet is one of the contributing factors to the development of prostate cancer. Notably, it is the second leading cause of cancer death for men in most developed countries.[@b1-jcp-22-016] Also, it is the second most common cancer in men, about an estimated 192,000 and 346,000 new cases diagnosed each year in the United States and Europe, respectively. In addition, most of cases are elderly patients. These elderly patients cannot tolerate conventional chemotherapy. The prostate cancer refractory to hormonal therapy is hard to treat. Therefore, new therapeutic strategy is required for the treatment of this disease.

Bile acids is the outcome of cholesterol catabolism, and their main function is to solubilize the dietary fats and fat-soluble vitamins from the intestinal lumen.[@b2-jcp-22-016],[@b3-jcp-22-016] Reports have shown that bile acids possess anti-neoplastic and anti-carcinogenic properties in many cancer cells, such as tamoxifen-resistant breast cancer, colon cancer, prostate cancer, and neuroblastoma cells.[@b4-jcp-22-016] Among them, ursodeoxycholic acid (UDCA) is a hydrophobic bile acid that accounts for 4% of total bile acids,[@b5-jcp-22-016] and has been used for treatment of the liver and gall bladder disease without a significant toxicity. The tumor suppressive activity of UDCA is believed to be linked with the induction of apoptosis and cell cycle arrest, and the inhibition of oncogenic factors, such as Ras and COX-2, in human cancer cell lines.[@b6-jcp-22-016] These mechanisms are not yet fully understood. In addition, evidence suggests that anti-cancer effect of UDCA may act differentially depending on cell types, physiologic conditions, and/or stimulus.[@b5-jcp-22-016],[@b7-jcp-22-016] Here, we investigated anti-cancer effect of UDCA and its mechanisms on human prostate cancer cells, DU145. The results show that UDCA increased the expressions of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors, death receptor 4 (DR4) and death receptor 5 (DR5), and TRAIL augmented the UDCA-induced cell death in DU145 cells. To our knowledge, this is the first study reporting UDCA-induced death receptor-mediated apoptosis in human prostate cancer cells.

MATERIALS AND METHODS
=====================

1. Cells and reagents
---------------------

Human DU145 prostate cancer cells were obtained from the American Type Culture Collection (Rockville, MD, USA). Culture medium used throughout these experiments was RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% (v/v) FBS (GIBCO BRL, Grand Island, NY, USA), 1 mM L-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin at 37°C in a humidified atmosphere of 95% air and 5% CO~2~. UDCA was obtained from Dawoong Inc. (Seoul, Korea), and kept at 4°C with light shield. Antibodies against procaspase 3, procaspase 8, Bax, Bcl-xL, cytochrome *c*, PARP, and TRAIL receptors (DR4 and DR5) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Peroxidase-labeled donkey anti-rabbit and sheep anti-mouse immunoglobulins and an enhanced chemiluminescence (ECL) kit were purchased from Amersham (Arlington Heights, IL, USA). All other chemicals not specifically cited here were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Stock solutions of 4′,6-diamidino-2-phenylindole (100 μg/mL) and propidium iodide (PI, 1 mg/mL) were prepared with PBS.

2. Cell viability assay
-----------------------

DU145 cells were seeded onto 24-well plates at a density of 5 × 10^5^ cells/mL, and then treated with the indicated concentrations of UDCA for 24 hours and 48 hours. MTT (0.5 mg/mL) was subsequently added to each well. After 3 hours of additional incubation, 100 μL of a solution containing 10% SDS (pH 4.8) plus 0.01 N HCl was added to dissolve the crystals. The absorbance at 570 nm were determined with an ELISA plate reader.

3. Flow cytometric analysis
---------------------------

After treatment of UDCA for 24 hours, the cells were collected, washed with cold PBS, and then centrifuged. The pellet was fixed in 75% (v/v) ethanol at 4°C for 1 hour. The cells were washed once with PBS and re-suspended in cold PI solution (50 μg/mL) containing RNase A (0.1 mg/mL) in PBS (pH 7.4) for 30 minutes in the dark. The stained cells were analyzed by fluorescent activated cell sorting (FACS) for relative DNA content based on red fluorescence on a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA).

4. Western blot analysis
------------------------

DU145 cells were treated with indicated concentrations of UDCA for indicated times at 37°C and cells were lysed in ice-cold radioimmunoprecipitation assay buffer (1% \[w/w\] NP40, 1% \[w/v\] sodium deoxycholate, 0.1% \[w/v\] SDS, 0.15 M NaCl, 0.01 M sodium phosphate buffer, pH 7.2, 2 mM EDTA, 50 mM NaF, and protease inhibitors). The cells were disrupted by sonication and extracted at 4°C for 30 minutes. The protein concentrations were quantified using the BioRad protein assay kit (BioRad Lab., Hercules, CA, USA). The proteins in the extracts were resolved by electrophoresis and electro-transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). The membrane was incubated with the primary antibodies and a secondary antibodies conjugated to peroxidase. Blots were developed with an ECL detection system.

5. Statistical analysis
-----------------------

Results were expressed as means ± SD. Comparison of the effects of various treatments was performed by the one-way ANOVA with post-test Neuman-Keuls and Student *t*-test. Statistical significance was defined as *P* \< 0.05. Each experiment was performed at least in triplicate. A statistical analysis was performed using IBM SPSS ver. 21.0 software (IBM Co., Armonk, NY, USA).

RESULTS
=======

1. Ursodeoxycholic acid induces apoptosis in human DU145 prostate cancer cells
------------------------------------------------------------------------------

To investigate anti-cancer activity of UDCA, DU145 cells were treated with various concentrations of UDCA (0 to 200 μg/mL) for 24 hours and 48 hours. Cell growth was assessed by an MTT assay. The MTT assay revealed that the growth of DU145 cells was inhibited by UDCA treatment in a dose-dependent manner, and the 50% inhibition of cell growth (IC~50~) was approximately 200 μg/mL ([Fig. 1A](#f1-jcp-22-016){ref-type="fig"}). To determine whether the decreased cell viability was due to apoptotic cell death, we assessed the changes in cellular morphology of UDCA-treated cells under a light microscope. Cellular shrinkage and cytoplasmic blebs were observed at the concentration of 100 μg/mL or higher ([Fig. 1B](#f1-jcp-22-016){ref-type="fig"}). Next, we analyzed the magnitude of apoptotic cell death and cell cycle distribution in UDCA-treated cells by flow cytometry. As shown in [Figure 2](#f2-jcp-22-016){ref-type="fig"}, UDCA induced in a significant accumulation of cells with sub-G1 DNA content at the concentration of 200 μg/mL. These results suggest that the cytotoxic effects observed in response to UDCA are associated with the induction of apoptotic cell death in human DU145 prostate cancer cells.

2. Ursodeoxycholic acid induces caspase-dependent apoptosis and subsequent cleavage of PARP in DU145 cells
----------------------------------------------------------------------------------------------------------

We then assessed the effect of UDCA on caspases and their substrates, PARP by Western blot analysis. UDCA activated caspase-3 and caspase-8 in a dose- and time-dependent manner. With the activation of caspases, the cleavage of PARP was increased ([Fig. 3](#f3-jcp-22-016){ref-type="fig"}). Further, the expression of pro-apoptotic protein Bax was significantly increased; meanwhile anti-apoptotic protein Bcl-xL was significantly decreased in a dose- and time-dependent manner. These pro-apoptotic and anti-apoptotic proteins involves in the intrinsic apoptotic pathway, which creates pores in the mitochondrial outer membrane, and releases cytochrome *c* into the cytoplasm, and activates caspases that results in cell death.[@b8-jcp-22-016] UDCA significantly increased cytochrome *c* in DU145 cells in a dose- and time-dependent manner. These findings suggest that UDCA may induce apoptosis through intrinsic apoptotic pathway.

3. Ursodeoxycholic acid induces death receptor-mediated apoptosis in DU145 cells
--------------------------------------------------------------------------------

To further investigate the mechanisms of the UDCA-induced apoptosis, we investigated the expression of TRAIL receptors. Western blot analysis revealed that the expression of DR4 and DR5 was significantly up-regulated by UDCA ([Fig. 3](#f3-jcp-22-016){ref-type="fig"}). This finding suggests that UDCA-induced apoptosis may be associated the death receptor-mediated apoptosis in DU145 cells.

4. Tumor necrosis factor-related apoptosis-inducing ligand augments the ursodeoxycholic acid-induced cell death in DU145 cells
------------------------------------------------------------------------------------------------------------------------------

Next, we determined whether TRAIL can enhance the UDCA-induced anti-cancer effect. MTT assay and morphology test revealed that UDCA could augment the TRAIL-induced cell death ([Fig. 4A and 4B](#f4-jcp-22-016){ref-type="fig"}). Western blot results confirmed that TRAIL treatment up-regulated DR4 and DR5 expressions ([Fig. 4C](#f4-jcp-22-016){ref-type="fig"}). These findings suggest that TRAIL may promote UDCA-induced apoptosis in DU145 cells.

DISCUSSION
==========

This study was designed to determine whether UDCA has anti-cancer properties in human prostate cancer cells, and to further investigate the underlying mechanisms of the anti-cancer effect of UDCA. We demonstrated that UDCA induced apoptosis in a dose-dependent manner in human DU145 cells.

Firstly, UDCA significantly inhibited the growth, and shrinking cells and cytoplasmic blebs were observed in DU145 cells. These results are consistent with previous report that biochemical and morphological changes occur during the apoptosis process.[@b9-jcp-22-016] To determine how UDCA induces apoptosis, Western blot analysis was performed. We found that UDCA induced pro-apoptotic Bax protein whereas it reduced the expression of the anti-apoptotic Bcl-xL protein. UDCA also increased the expression of cytochrome *c* in UDCA-treated DU145 cells. The evidence suggests that the changes in the expression of pro-apoptotic and anti-apoptotic proteins are involved in the intrinsic apoptotic pathway. Moreover, UDCA increased the expression of DR4 and DR 5 and UDCA-induced cell death was promoted by TRAIL treatment in DU145 cells. These findings support that UDCA induces apoptosis via both the intrinsic and extrinsic pathways. In addition, the increased DR5 expression has been highly correlated with sensitivity to TRAIL,[@b10-jcp-22-016] and over-expression of DR5 in TRAIL-resistant cancer cells restored TRAIL sensitivity.[@b11-jcp-22-016] Previously, we also reported that up-regulating DR5 is an important mechanism for apoptosis induced by natural compounds.[@b12-jcp-22-016],[@b13-jcp-22-016]

The limitation of this study is that the only one cell line was used in this study. Therefore, it may be hard to generalize these results. In addition, it is reported that UDCA effects may differ depending on cell types, physiologic conditions, and/or stimulus.[@b7-jcp-22-016],[@b14-jcp-22-016],[@b15-jcp-22-016] However, we also found that UDCA have anti-cancer effect on PC-3 cells even though the up-regulation of TRAIL receptor DR4 and DR5 was not clearly detected (data not shown).

In summary, UDCA induces apoptosis in human DU145 prostate cancer cells ([Fig. 5](#f5-jcp-22-016){ref-type="fig"}). The apoptosis is triggered by extrinsic pathway through up-regulation of TRAIL receptor DR4 and DR5, as well as intrinsic pathway through modulation of Bax, Bcl-xL and cytochrome *c* release. This study provides evidence that UDCA might have anti-cancer property on human prostate cancer cells, and it can be used as an alternative medical agent for the treatment of prostate cancer.
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![Ursodeoxycholic acid (UDCA) reduces the viability of DU145 cells. The cells were seeded at the density of 1 × 10^5^ cells/mL and incubated with the indicated concentrations of UDCA for 24 hours and 48 hours. (A) Cell viability was assessed by an MTT assay. (B) The morphology of UDCA-treated DU145 cells was observed under a light microscope (magnification × 200). Data are expressed as mean ± SD of three independent experiments (\**P* \< 0.05 versus control).](jcp-22-016f1){#f1-jcp-22-016}

![Ursodeoxycholic acid (UDCA) induces apoptotic cell death in DU145 cells. The cells were incubated with the indicated concentrations of UDCA for 24 hours and stained with propidium iodide. (A) The cells with sub-G1 DNA content representing apoptotic DNA degradation were analyzed by flow cytometry. (B) The results are from at least three independent experiments that showed similar patterns (\**P* \< 0.05 versus control).](jcp-22-016f2){#f2-jcp-22-016}

![Ursodeoxycholic acid (UDCA)-induces caspase-dependent apoptosis and subsequent cleavage of PARP in human DU145 human prostate cancer cells. (A) The cells were treated with UDCA for 24 hours at the indicated concentrations, and (B) for indicated time intervals at 100 μg/mL of UDCA. Equal amounts of cell lysate (30 μg) were resolved by SDS-PAGE gels and transferred onto nitrocellulose membranes. The membranes were probed with the indicated antibodies and the expression of target proteins was detected by the enhanced chemiluminescence system. The results are from at least three independent experiments that showed similar patterns. DR4, death receptor 4; DR5, death receptor 5.](jcp-22-016f3){#f3-jcp-22-016}

![Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) augments the ursodeoxycholic acid (UDCA) induced cell death in DU145 cells. The cells were incubated at indicated concentrations of UDCA and TRAIL for indicated time intervals. (A) Cell viability was assessed by MTT assay. (B) The morphology of the DU145 cells was observed using light microscope (magnification, ×400). (C) Equal amounts of cell lysate (30 μg) were resolved by SDS-PAGE gels and transferred onto nitrocellulose membranes. The membranes were probed with the indicated antibodies and target proteins were detected by the enhanced chemiluminescence system. Data are expressed as mean ± SD of three independent experiments (\**P* \< 0.05 versus control). DR4, death receptor 4.](jcp-22-016f4){#f4-jcp-22-016}

![Schematic representation of ursodeoxycholic acid (UDCA)-induced apoptosis in DU145 human prostate cancer cells. The apoptosis was triggered through extrinsic pathway by up-regulating tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor, death receptor 4 (DR4) and death receptor 5 (DR5). As well as through intrinsic pathway by modulating Bax and Bcl-xL levels and cytochrome *c* release (→ indicates activation, ⇢ indicates indirect or multiple pathways, ↑ indicates up-regulation, and ↓ indicates down-regulation).](jcp-22-016f5){#f5-jcp-22-016}
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